Abstract A xylanase gene (xyn2) from Trichoderma reesei ATCC 58350 was previously cloned and expressed in Kluyveromyces lactis GG799. The production of the recombinant xylanase was conducted in a developed medium with an optimised batch and with fed-batches that were processed with glucose. The glucose served as a carbon source for cell growth and as an inducer for xylanase production. In a 1-L batch system, a glucose concentration of 20 g L -1 and 80 % dissolved oxygen were found to provide the best conditions for the tested ranges.
Introduction
In comparison with bacterial systems, yeast possesses a number of attributes that render it an attractive expression platform for many recombinant proteins [1] . In particular, the yeast Kluyveromyces lactis has attracted industrial interest as an alternative host for the secretion of heterologous proteins on a large scale [2] . Indeed, K. lactis has produced over 40 recombinant proteins, and it is best known for its use in the commercial production of bovine chymosin [3] . The capability of K. lactis to grow on a variety of inexpensive carbon sources while efficiently secreting extracellular proteins represents the major strength of this system [2] .
Most production using recombinant K. lactis has been conducted in batch processes [3, 4] . However, nutrient limitation and starvation often lead to ''stuck'' batch fermentation. The most prominent effect of this phenomenon is reduced cell growth, whereby the production of recombinant proteins causes significant alterations to the central carbon metabolism of the host [5] . This in turn leads to the redirection of the carbon source from biomass or byproduct formation towards energy formation.
Likewise, limiting the carbon or nitrogen sources or the dissolved oxygen (DO) concentration may influence the physiological state of the yeast, potentially affecting its cell growth, protein secretion and product formation [6] . Even the composition, synthesis and maintenance of the cell wall respond to environmental changes [7] . Hsieh and Da Silva [8] observed that glucose is an important inducer of recombinant enzyme production and is also important in providing carbon, generating energy and allowing for cell structure and maintenance. In contrast to glucose, nitrogen depletion results in an increase in protease activity, which can be avoided by increasing initial nitrogen concentrations. Protein yields were shown to improve in several cultures grown on complex or amino acid-enriched media [9] . Complex or enriched media not only prevent nutrient limitation but may also inhibit protease activity by providing competing enzymatic substrates. Thus, the optimisation of the C/N molar ratio is important, as it has a strong effect on yeast metabolism, influencing its channelling towards cell growth, protein synthesis or the production of secondary metabolites.
Therefore, the use of fed-batch fermentation can alleviate commonly encountered problems such as substrate inhibition, low cell concentrations, glucose effects, catabolite repression, auxotrophic mutants and the high viscosity of the culture broth [10] . A number of studies have addressed the optimisation of fermentation conditions to achieve higher yields of heterologous proteins using K. lactis [11] [12] [13] . These authors have studied the importance of factors such as pH, lactose concentration and temperature during fed-batch fermentation. However, the information provided in such studies has been insufficient to develop a process for recombinant K. lactis production using fed-batch cultures.
The full-length xyn2 gene from Trichoderma reesei ATCC 58535 has been successfully expressed and secreted in K. lactis GG799 using shake-flask cultures. The xyn2 gene was cloned into integrative vector pKLAC1, located downstream of the K. lactis a-mating factor (aMF) signal sequence. The constructed pKLAC1xyn2 vector was linearised with SacII before being integrated into the K. lactis genome at the LAC4 promoter locus. Thus, the expression of xylanase is under the control of the LAC4 promoter in this system. The transformation of K. lactis GG799 was achieved by a chemical method, as described elsewhere [14] .
In this study, the effects of exponential feeding and C/N ratio optimisation on the feed stream were investigated. The pKLAC1xyn2 regulated fed-batch cultivation of K. lactis GG799 is divided into two phases: the glucose batch and glucose-yeast extract fed-batch phases. To this end, an improved strategy for controlling this composition was developed, which was designed to improve recombinant xylanase production. However, an unlimited glucose supply can lead to oxygen depletion, and oxygen limitation can negatively affect protein expression [15, 16] . Moreover, the DO concentration is a critical parameter for high cell density cultivation [17] . Therefore, before fed-batch fermentation was conducted, the initial glucose concentration and DO level were optimised under batch fermentation. The results were analysed using a three-dimensional response surface plot. The objective of this study was to determine the optimal steps required to produce the most xylanase in the shortest period of time. These steps are as follows: (1) establishing batch fermentation with the optimal conditions for the tested range, (2) determining a good nitrogen source for feeding and (3) performing exponential fed-batch fermentation using various C/N molar ratios. To the best of our knowledge, this study is the first to employ an exponential feeding strategy to improve the expression of recombinant enzymes in K. lactis under the control of LAC4 in optimised oxygen level conditions.
Materials and methods

Strain and inoculum development
The xyn2 gene was cloned into integrative vector pKLAC1, as mentioned in the ''Introduction''. The recombinant yeast K. lactis GG799 (K. lactis Protein Expression Kit, New England Biolabs, Inc., Ipswich, MA) was used throughout the study and was maintained on yeast extract peptone (YPD) slant agar (20 g glucose, 20 g peptone, 10 g yeast extract and 15 g L -1 agar) at 4°C. The inoculum culture was prepared from cells grown on YPD slant agar suspended in 100 mL YPD broth (glucose 20 g, peptone 20 g and yeast extract 10 g L -1
). The cells were incubated at 30°C ± 0.5°C on a rotary shaker at 250 rpm until their growth reached the mid-exponential phase [i.e., an A 660 (absorbance of 660 nm) of 1.7] . The cultures were then centrifuged at 6,000 rpm for 10 min and washed twice with sterile distilled water. The cell pellets were resuspended to a volume of 100 ml prior to being used in the batch fermentation. A 10 % K. lactis GG799 inoculum, with an A 660 of 5-6, was used throughout the study unless otherwise mentioned. All chemicals were purchased from Difco Becton-Dickinson (USA), Sigma-Aldrich (USA) and Merck (Germany) unless otherwise stated.
Production medium
Batch and fed-batch fermentation was conducted in a medium composed of 5 g (NH 4 4 and glucose and buffered to a pH of 5.0 ± 0.2 using a 50-mM phosphatecitrate buffer [14] . A B. Braun bioreactor (Biostat B model, B. Braun Biotech International, Germany) was employed for the fermentation process. The working volume for batch fermentation was 1 L. For fed-batch fermentation, a mixture of 400 g L -1 glucose and a nitrogen source was fed into the batch after the initial depletion of glucose to 20 g L -1 . To maintain the glucose level above 20 g L -1 in the culture broth, the feed rate was changed as described in the Section ''Results and discussion''.
Submerged cultivation in the bioreactor
The temperature was 28°C, and the initial pH was 5.0 ± 0.2, as regulated by 2 M HCl and 2 M Na 2 CO 3 . The pH was measured using a sterilisable electrode (Ingold model, Mettler-Toledo, Alphaville-Barueri, Brazil), and the DO concentration was detected using a polarographic electrode (Ingold model, Mettler-Toledo, Alphaville-Barueri, Brazil). During the experiments, oxygen was supplied by sparging the bioreactor with compressed air at an agitation frequency of 300-800 rpm until the desired DO level was reached. In the batch fermentation, the set points for the DO level and glucose concentration were adjusted to meet the process parameters designed using the CCD. After the proper incubation time designated for each set, the samples were collected, and the cell-free supernatant was obtained by 10 min of centrifugation at 10,000 rpm and 4°C. The cell-free supernatant was used to determine the production levels of enzymes and other metabolites.
The initial feed rate was calculated from the mass balance on the substrate according to the following formula, as described by Wang et al. [18] :
where l is the specific growth rate, t f is the time at the start of feeding, F is the feed rate, XV 0 are the biomass concentration (gdw L -1 ) and the culture volume (L) at the start of feeding, respectively, S f (g L -1 ) is the substrate concentration in the feeding solution, and Y x/sf is the yield coefficient (g dry cell weight g of glucose -1 ).
Factorial design and statistical analysis
Response surface methodology (RSM) was used to examine the influence of the initial glucose concentration and of the DO level on the activity of the recombinant xylanase and the cell growth, as well as to determine the optimum fermentation conditions. Software by Design Expert (Statistics Made Easy, v.6.0.4, Stat-Ease Inc., Minneapolis, MN, USA, 2001) was used to generate the experimental design. The RSM CCD (central composite design) was used to obtain data that fit a full second-order polynomial model. A 2 2 factorial design with axial points (a = H2) and five replicates at the central point was employed. Thirteen experiments were required for this procedure, as shown in Table 1 . Regression analysis (using ANOVA) was employed to determine the significance of the secondorder model and to subsequently generate the response surface graphs. Triplicate experiments were run using the optimum values for the variables, as determined by Eq. (2) .
where Y is the predicted value for the response, x i and x j are the design variables, b 0 is the intercept estimate, and b i is the estimate of the unknown coefficient for the ith factor.
Analytical determinations
The xylanase activity in the cell-free supernatant was assayed using the modified dinitrosalicylic acid (DNS) method [19] at 50°C with 0.01 g L -1 of beechwood xylan (Sigma) as the substrate. The DNS method was performed as follows: 1.0 g of xylan was homogenised in approximately 80 mL buffer at 45°C and heated to its boiling point on a heating magnetic stirrer [19] . The mixture was cooled with continued stirring, covered and stirred slowly overnight. Its volume was increased to 100 ml with buffer. Appropriate dilutions of the supernatant in 50 mM sodium citrate buffer (pH 5.0 ± 0.2) were used as the enzyme source. The amount of enzyme was determined by measuring the release of reducing sugars. One unit of xylanase was defined as the amount of enzyme required to liberate 1 lmole of xylose from xylan per minute under assay conditions.
The biomass concentration was determined by turbidity measurements at an A 660 using a UV/visible spectrophotometer (Ultrospec 1100 Pro; Amersham Bioscience, Sweden). The measured values were correlated with the dry weight values of duplicate samples [14] . The factor used to calculate dry mass is as follows:
The glucose concentration was determined using the DNS method [20] . Briefly, 750 lL of DNS reactive agent was added to a 750-lL supernatant sample, which had been diluted to decrease the glucose concentration to \2 g L -1 . Tubes containing the reaction mixture were heated in a boiling bath for 15 min and then cooled. The final solution absorbance was read at 540 nm, and the glucose concentration was calculated using a glucose standard curve.
Ethanol was measured using a SRI 8610C capillary column (30 m long, with a 0.25-mm inside diameter and a film thickness of 0.25 lm) equipped with a flame ionisation detector. Ethanol was quantified using external standards, with 2-propanol as the internal standard. Each sample was injected three times to assure its reproducibility (the variation coefficient was \6 %).
The total protein concentration was quantified by the Bradford method [21] , using bovine serum albumin as the standard protein.
All analyses were performed in duplicate. The data presented represent the measurements taken, and all standard errors were \5 %.
Kinetics studies
The logistic model employs rate equations for the K. lactis GG799 biomass (X) and the amounts of recombinant xylanase (P) and glucose (S) to describe the fermentation process. Equation (3) describes the rate of change of the K. lactis GG799 biomass:
The kinetics of product formation was based on the Leudeking-Piret equation, as described by Eq. (4):
The glucose consumption equation is a modified Luedeking-Piret equation [22] , as described by Eq. (5):
where X is the cell concentration (g L -1 ), X max is the maximum cell concentration (g L -1 ), l max is the maximum specific growth rate (h -1 ), S is the substrate concentration (g L -1 ), a is the growth-associated constant for product formation (U g cell -1 ), b is the non-growth-associated constant for product formation (U g cell -1 ), c is the growth-associated constant for substrate consumption (g substrate g cell -1 ), d is the non-growth-associated constant for substrate consumption (g substrate g cell -1 -h -1 ), and t is the fermentation time (h). The kinetics models (Eqs. [3] [4] [5] were fitted to the experimental data by nonlinear least squares regression using SigmaPlot software, version 10 (Systat Inc., USA), to solve for the unknown kinetics parameters. The predicted ideal values were then used to simulate the profiles of the cells and the substrate consumption during fermentation.
Calculation of the C/N ratio
The C/N ratio was calculated on a molar basis. The formula used for the conversion of the mass concentration of glucose (g L [14] of nitrogen was [(NH 4 ) 2 SO 4 (g L
Results and discussion
Optimisation of recombinant xylanase and biomass production by K. lactis GG799 in a 2-L bioreactor: construction of the polynomial model for batch fermentation Using a CCD, experiments with different combinations of the DO level and initial glucose concentration were performed to determine their effects on the production of recombinant xylanase and the biomass yield. Table 1 presents a matrix of the complete CCD that shows the activity obtained after 6 h of fermentation for all the different conditions. A fermentation time of 6 h was chosen based on previous studies that were performed by the same group in a shake-flask cultivation system [14] . The minimum activity of recombinant xylanase was 19.25 U mL -1 , while the maximum activity was 75.30 U mL -1 , as shown in Table 1 . This high value was due to the optimised conditions for enzyme activity. However, no significant differences were observed for the biomass concentration: the minimum biomass concentration was 3.84 g L -1 , while the maximum biomass concentration was 4.44 g L -1 . These results also suggest an interaction between the cell density and oxygen concentration. The findings reveal that the production of recombinant xylanase was at its maximum at a DO level of 80 % and a glucose concentration of 20 g L -1 . Under these conditions, an activity of 75.3 U mL -1 was obtained. The ANOVA model for recombinant xylanase production in K. lactis GG799 has a coefficient of determination (R 2 ) of 0.9191, which indicates that 91.91 % of the variability in the data can be explained effectively. The fit of the cell concentration model was also expressed by an R 2 value, which showed that 78.85 % of the observed response could be explained by the model. These relatively high R 2 values indicate that both the linear and the secondorder polynomials are capable of representing the system under the given experimental design [23] .
During the batch fermentation, the specific growth rate, l, varied between 0.06 and 0.13 h -1 (Table 2) . Boender et al. [24] 
. These biomass yields were lower than the experimental value of Y x=s = 0.64 g cell g glucose -1 that was obtained for untransformed K. lactis GG799. This result suggests that recombinant xylanase production in K. lactis GG799 involves a disturbance in its cellular metabolism, which can be observed in its decrease in growth rate and biomass yield. This pattern was especially evident under conditions of 80 % DO and 20 g L -1 glucose. Under these conditions, the increase in the xylanase activity (75.30 U mL -1 ) corresponded with a decrease in the yeast growth rate and biomass, as shown in Table 2 (at 0.09 h -1 and 0.17 g cell g glucose -1 , respectively).
Validation of the model through recombinant xylanase production and cell growth under optimised conditions
According to the mathematical model predicted by SigmaPlot, the optimal conditions for the tested range of the two variables were a DO level of 80 % and a glucose concentration of 20 g L - 1 . These values would theoretically yield a corresponding maximum recombinant xylanase activity of 72.70 U mL -1 and a biomass of 4.33 g L -1 . As shown in Fig. 1 , the recombinant xylanase production exhibited a peak of 75.53 U mL -1 and a biomass production peak of 4.10 g L -1 after 6 h of incubation. As described by Sawale and Lele [25] , a good correlation between the predicted and experimental results verifies the model. During these tests, the parameters l max ; X max ; Y x=s and m s were experimentally determined. The m s value was used in the modified Luedeking-Piret model to express the glucose consumption. The sigmoidal growth pattern of K. lactis GG799 was analysed using a logistic equation (Eq. 3) for its variation against time (Fig. 1) . The equation is a substrate-independent rate model, which was used to determine the inhibition effect on biomass growth. The logistic and Leudeking-Piret equations provided a good description of the cell growth, recombinant xylanase production and substrate consumption versus batch fermentation time in the K. lactis GG799 batch production. In the kinetics studies, recombinant xylanase production was assumed to be a growth-associated product, such that the growth-associated constant a is 18.03 U mg -1 and the non-growth-associated constant b is neglected.
In heterotrophic organisms, the seemingly lower cell maintenance requirement of 0.011 g substrate g cell
is due to the regulation induced by a stringent response, which results in a linear time-dependent increase in the biomass, as previously reported [26] . In this study, the cells continued to grow and proliferate until the stationary phase was reached. The subsequent halt in cell growth may be due to the depletion of the carbon source and other possible nutrient limitations, such as insufficient nitrogen-containing vitamins. Oxygen no longer appeared to be the primary limiting factor under this experimental condition. However, a small amount of ethanol remained until the end of fermentation (0.1 mmol ml -1 ). Thus, when the growth rate decreased, the ethanol yield appeared to be related to the cell maintenance.
The highest activity of xylanase was obtained (75.53 U mL -1 ) under optimised aerobic conditions. This finding contradicts those of Huang and Demirci [11] , who stated that conditions without aeration or pH control increased the human lysozyme production in K. lactis. This result may be due to the ability of some K. lactis strains to ferment and grow efficiently under anaerobic conditions, in contrast with other strains [27, 28] . Merico et al. [29] stated that it is unclear whether the aerobic nature of K. lactis is an original trait or a recently derived one. For the recombinant K. lactis GG799, both fermentation and respiration were observed; although respiration is predominant in this case, fermentative metabolism is sufficient to allow anaerobic growth. Based on this observation, K. lactis GG799 could be characterised as respiro-fermentative yeast. Furthermore, a limited oxygen supply appears to affect the quality of the produced xylanase, which could be due to proteolytic degradation, the incorporation of incorrect amino acids or incorrect posttranslational modifications in the cells. Fig. 1 Recombinant K. lactis GG799 cultivation using batch fermentation under optimal conditions for the tested range: simulation curves and experimental data for the total biomass (open squares), glucose (filled diamonds) and recombinant xylanase (filled triangles). Ethanol (grey diamonds) was the by-product of the fermentation. The data shown are derived from triplicate means. The parameters used for the simulation were as follows:
, Y x=s = 0.16 g substrate g cell -1 and m s = 0. 011 g substrate g cell
Fed-batch fermentation Before the optimisation of the C/N molar ratio, a study on the effect of supplementation with various nitrogen sources on growth and xylanase expression was conducted (Fig. 2a,  b) . In general, the recombinant xylanase activity in the nitrogen-containing medium declined after 6 h of fermentation. The activity of recombinant xylanase was the highest in early cultivation in medium containing copper-glycine, but slightly lower than the urea-containing medium after 6 h (Fig. 2b) . Copper-glycine was intentionally introduced to the cultures to produce a copper-enriched yeast biomass as mentioned by Manzoni et al. [30] . However, the copper concentration must remain low, as Kershaw et al. [31] reported that excess copper-glycine is involved in the superoxide stress response, iron homoeostasis and envelope stress. These stresses will inevitably result in plasmid instability and the deterioration of protein production. Therefore, copper was predicted to not have a significant effect on protein folding within the xylanase GH11 family, which includes T. reesei Xyn2 as mentioned by Yi et al. [32] . For this reason, copper-glycine medium was not chosen for the remainder of the experiments. In contrast to other nitrogen-containing media, yeast extract has been demonstrated to improve the culture density of recombinant K. lactis GG799 at the end of fermentation (Fig. 2a) . When yeast extract is present, carbon, amino acids and inorganic nutrients from yeast extract may overcome the ''stuck'' phase of the batch fermentation. This therefore represents a good strategy to utilise yeast extract, as it could allow for the synthesis of so-called starvation proteins, which are required for cell survival in the new conditions during the fed-batch process. This strategy is similar to the fed-batch feeding strategy used for recombinant Pichia pastoris. In addition, the enzyme maintains 58 % of its maximum activity for up to 12 h of cultivation. Using yeast extract, the percentage of xylanase reduction is equivalent to those of the other nitrogen sources used. The decline of xylanase synthesis, rather than the increased proteolysis, is likely to be the underlying reason for the poorer recombinant xylanase production. This finding suggests the need of a booster factor to be used during fed-batch production with K. lactis GG799.
The fed-batch cultivation of K. lactis GG799 under the control of LAC4 is divided into two phases: a 6-h batch phase and a fed-batch phase. In order for the cells to grow at a constant rate, exponential feeding strategies were employed in the fed-batch experiments in which the F/V ratio was held constant [33] . Effect of various feeding range on biomass production was tested (data not shown). The experiments were carried out with an initial concentration of 20 g L -1 glucose and 500 mL glucose solution with medium added at 6 h by an exponential feeding as shown in Eq. (1).
The l value was obtained from the batch fermentation. Combined with this, the optimisation of the C/N molar ratio with different yeast concentrations was tested in the range of Fig. 2 Effects of eight different nitrogen-source-containing media on a the cell growth and b the xylanase production of recombinant K. lactis GG799. Each line represents the biomass concentrations in the media as the mean ± standard error (n = 3) 5-40 g L -1 (Fig. 3) . Experimental results were analysed using SigmaPlot software, and the values for the parameters of a, b and Y x=s are shown in Table 3 . Comparisons between the model predictions and the experimental data are given in Fig. 3 The feeding of 5 g L -1 of yeast extract did not increase the growth of K. lactis GG799 until the end of the fermentation period (Fig. 3a) . However, adding higher concentrations of yeast extract significantly increased the cell density, as described in Fig. 3b -e. This indicated that nitrogen source was the limiting factor for cell growth, but may not the prominent cause of proteolytic activity in K. lactis GG799.
An increase in the growth rate was temporarily achieved by the boosting step, and an approximately six-to tenfold increase (41.81-74.85 g L -1 ) in the cell density occurred within 18 h. To better observe the growth profiles, the biomass production under a range of yeast extract concentrations was plotted against time (Fig. 4) .
Our results show that this medium boost significantly improved the cell density. The new system is no longer based entirely on a medium composed of plain mineral salt but that is instead supplemented with yeast extract. The addition of yeast extract at the time of expression provides a sufficient supply of biosynthetic precursors that can be channelled into anabolic pathways and that are required for efficient protein synthesis. The beneficial effects of complex additives have been previously reported in the literature [34] . These authors demonstrated that the supplementation of culture medium with amino acids or complex nitrogen sources resulted in improved levels of recombinant protein expression in S. cerevisiae.
A summary of the effects of the yeast extract concentration in the feeding medium on the growth and recombinant xylanase production is shown in Table 4 . The addition of 5 g L -1 of yeast extract did not improve the biomass concentrations, but did increase the xylanase activity to 110.13 U mL -1 (C/N molar ratio: 50.08). An increase in the biomass concentration of 41.81 g L -1 over the level of batch fermentation, to 74.85 g L -1 , was obtained, with a reduction in the C/N molar ratio. In addition, a high xylanase activity of 101.3 U mL -1 was obtained at a C/N molar ratio of 21.91.
However, the cell density and xylanase activity both declined when the C/N ratio was further reduced (C/N 15.93 and 12.52). This result suggests that a lower C/N molar ratio could inhibit cell growth and recombinant protein synthesis, particularly when a higher yeast extract concentration was fed to the culture system. The presence of excess nitrogen (30-40 g L -1 ) may lead to yeast cell death and potentially to a stuck fermentation process. This phenomenon is especially common in the wine-making process, in which an excess of nitrogen can trigger cell death in certain situations [35] . Additionally, other authors have found [36] that cellular salt homoeostasis in K. lactis is strongly dependent on mitochondrial respiration and/or on the ion homoeostasis of the mitochondria themselves, which could be a primary target of salt stress. In our case, the salt content increased proportionally with the increase in the yeast extract supplement. Therefore, only a low nitrogen concentration was required to maintain the sustenance of the viable cell. ) of fed-batch fermentation systems However, Hahn-Hagerdal et al. [37] stated that complex additives have been shown to reduce product proteolysis. Yet, rather than actually reducing the proteolysis, complex nutrients may compensate for the process by providing large amounts of key compounds for the prolonged maintenance of efficient protein synthesis. Therefore, to determine whether xylanase can be overexpressed, especially in high cell density cultures, the initial yeast extract concentration was fixed at 20 g L -1 , while the glucose concentration was increased to 400 and 500 g L - 1 . Surprisingly, the xylanase expression rates under glucose feeding concentrations of 400 and 500 g L -1 were 107.12 and 465.07 U mL -1 , respectively. Interestingly, a C/N molar ratio of 54.77 (under a 500 g L -1 glucose feeding concentration) substantially increased the production of xylanase, up to 6.2-fold compared to the batch cultures. Changes in the C/N ratio due to higher glucose concentrations were found to significantly improve the xylanase activity compared with the excess nitrogen. One possible explanation for this observation is that the excess glucose prevents any glucose insufficiency to act as inducer of xylanase expression because, as previously stated, glucose is mainly used by or directed to the central metabolic pathways of energy generation. In addition, because K. lactis is a respiro-fermentative yeast, it is hypothesised that increasing the DO level would be ideal, as this could lead to an increase in the xylanase production during the same period of time. This finding, together with the success of the controlled strategy, indicated that a one-step exponential feeding strategy is the best operational strategy for the overexpression of recombinant protein production. The result contradicts the claim by Ruiz et al. [38] that a constant feeding profile after induction has a favourable effect on the amount of recombinant protein produced in E. coli. Table 5 summarises other studies that have discussed feeding strategies as a means to optimise the process using fed-batch cultivation. 
Conclusion
This study demonstrates the success of the exponential feeding strategy for recombinant xylanase production during fed-batch fermentation. A low level of yeast extract was sufficient to produce high protein production levels. In addition, the ratio of the glucose concentration to the nitrogen concentration affected the quality of the protein produced. In the present study, a C/N ratio of 54.77 led to the highest xylanase activity (up to 6.2-fold), which was produced using high cell density cultures of K. lactis GG799.
